Esaki's discovery of NDR in heavily doped semiconducting germanium p-n junctions in 1958 was the first experimental evidence of quantum mechanical tunneling transport of electrons in all-condensedmatter systems 3,4 . This discovery motivated Giaever's tunneling experiments that proved the existence of the superconductive energy gap predicted by the then-newly formulated Bardeen-Cooper Schrieffer (BCS) theory of superconductivity 5 . After these initial breakthroughs, tunneling in various classes of crystalline matter has been observed, and forms the basis for several practical applications. For example,
represent a significant advance in the fundamental understanding of vdW heterojunctions, and broaden the potential applications of 2D layered materials.
Esaki's discovery of NDR in heavily doped semiconducting germanium p-n junctions in 1958 was the first experimental evidence of quantum mechanical tunneling transport of electrons in all-condensedmatter systems 3, 4 . This discovery motivated Giaever's tunneling experiments that proved the existence of the superconductive energy gap predicted by the then-newly formulated Bardeen-Cooper Schrieffer (BCS) theory of superconductivity 5 . After these initial breakthroughs, tunneling in various classes of crystalline matter has been observed, and forms the basis for several practical applications. For example,
Josephson junctions exploit tunneling in superconductors for exquisitely sensitive magnetic flux detectors in superconducting quantum interference devices (SQUIDs) 6 , and are now being investigated as the building blocks of quantum computers 7 . Electron tunneling forms the basis for low-resistance ohmic contacts to heavily doped semiconductors for energy-efficient transistors, as low-loss cascade elements in multi-junction solar cells, and for coherent emission of long-wavelength photons in quantum-cascade lasers 8, 9 . In addition to such practical applications, the extreme sensitivity of tunneling currents to various electronic, vibrational, and photonic excitations of solids makes tunneling spectroscopy one of the most sensitive probes for such phenomena 10 .
Recently, interband tunneling in semiconductors has been proposed as the enabler for a new class of semiconductor transistors called tunnel field-effect transistors (TFETs) that promise very low-power operation. The heart of such devices is an Esaki tunnel diode, with preferably a near broken-gap band alignment at the source-channel heterojunction 11, 12 . As these heterojunction TFETs are scaled down to the nanometer regime, the increase in bandgap barrier due to quantum confinement may significantly prohibit the desired tunneling currents, because tunneling current decreases exponentially with the barrier height. Layered semiconductors with a sizable bandgap and a wide range of band alignments can potentially avoid such degradation, and have been proposed as ideally suited for such applications 13, 14 .
This class of devices distinguishes themselves from the graphene-based SymFET by offering a desired low off-current 15, 16 . Compared to traditional 3D heterojunctions, such structures are expected to form high-quality heterointerfaces due to the absence of dangling bonds [1] [2] [3] 20 . The weak vdW bonding in principle does not suffer from lattice mismatch requirements and makes strain-free integration possible.
Among the previous reports on vdW solids, heterojunctions of type-I (straddling) and type-II (staggered) band alignments have been demonstrated [17] [18] [19] . Very recently, Roy et al. reported an Esaki NDR at low temperatures in an as-stacked MoS 2 /WSe 2 heterojunction which is believed to possess a type-II band alignment, employing dual gates. 20 However, the NDR observed by them did not persist to room temperature. In this work, two layered materials -BP and SnSe 2 -are successfully integrated for the first time, enabling the conclusive achievement of Esaki-diode behavior in 2D crystal semiconductors at room temperature. We use the Esaki diodes to experimentally prove that the heterojunction possesses a type-III (broken) band alignment. The BP/SnSe 2 heterojunction is one between mixed-valence materials, because black phosphorus is elemental and SnSe 2 is a compound semiconductor. Furthermore, the two constituents have different crystal structures. Given all these differences, it is rather remarkable that a robust NDR can be observed at room temperature in this heterostructure. The Esaki diode device structure is schematically shown in Fig. 1a . The devices are fabricated using a dry transfer process with flake thicknesses of ~50-100 nm for both BP and SnSe 2 24 . BP is the p-type semiconductor, and SnSe 2 the n-type semiconductor of the vdW Esaki diode. A detailed device fabrication and characterization procedure is provided in the Method section. Figure 1b shows an optical image of a representative device. The thicknesses of BP and SnSe 2 in this device are 79 and 95 nm, determined by atomic force microscopy (AFM). Figure 1c shows the crystal structures of BP and SnSe 2 .
BP, the most stable allotrope of phosphorus obtained under high pressure, possesses an orthorhombic crystal structure. Each phosphorus atom is covalently bonded to three adjacent atoms in a puckered layer, thus forming two atomic planes in each layer of BP 25 . In comparison, SnSe 2 consists of planes of Sn sandwiched between two planes of Se atoms, forming a hexagonal CdI 2 -type structure 26 . Similar to other 2D crystals, layers are held together by vdW forces in both BP and SnSe 2 . Figure 2d shows the highangle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of the flake is unintentionally doped n-type. This is consistent with other groups' observations 23, 30 . We confirm the individual doping types unambiguously by the opposite directions of field-effect conductivity modulation of each layer (supplementary Fig. S1a ). That the effective doping densities are high manifests in the relatively weak current modulation in the individual flakes, which is also attributed to the large flake thicknesses. Figure 1h shows the energy level alignments of conduction and valence band edges of the p-type BP and n-type SnSe 2 based on the reported electron affinity values in the literature 21, 26 . Based on these alignments, they are expected to form a type-III, broken-gap heterojunction similar to InAs/GaSb tetrahedral 3D semiconductors. The large work function difference leads to an accumulation of holes in BP and electrons in SnSe 2 near the junction, and an effective p-i-n junction is formed in our devices owing to the presence of the aforementioned interfacial layer (Fig. 1i) . Away from the junction, it is assumed that the unintentional p-type doping is such that it puts the Fermi level of p-BP ( ) near its valence band edge ( ), and the doping in n-SnSe 2 puts its near its conduction band edge ( ).
Both layers are thus effectively 'degenerately' doped. This junction, made of a heavily doped p region and a heavily doped n-region separated by a thin tunneling barrier forms the heart of the Esaki diode, enabling the observation of NDR, as will be discussed in the following text. Though the tunnel barrier in this work is formed unintentionally, thin BN layers or other suitable barrier materials with improved quality 27 can be used: which is the focus of our future work. probability induced by a stronger electric field across the barrier. The diode current reaches its minimum (valley) value, which is typically dominated by a combination of defect and phonon assisted tunneling and thermionic currents 31 , followed by an upturn due to the overriding thermionic emission current.
A simple model of interband tunneling using the Wentzel-Kramers-Brillouin (WKB) approximation is able to capture all the essential experimental tunneling features quantitatively in these vdW heterojunction Esaki diodes. While the details of the model appear in the Supplementary Information (SI), its essence is described briefly here. The device tunneling current is calculated by summing the individual singleparticle contribution from all electron states in the k-space 15 that are allowed to tunnel:
where and are the spin and valley degeneracy in the bandstructure, is the macroscopic device length along the electric field direction z, = ℏ / is the band group velocity in the source side, and are the Fermi-Dirac distribution functions, respectively, in n-SnSe 2 and p-BP , and is the WKB tunneling probability. The three Dirac-functions in equation (1) heterointerface. Recognizing that the tunneling probability is exponentially dependent on the barrier height and thickness, a peak tunnel current map is generated as a function of these two parameters in Fig.   3 . For example, the experimentally observed peak current at RT can be reproduced using a barrier 
a, I d -V ds curves near zero bias. Laser power is varied from 0 to 2.28 mW and the laser beam diameter is about 3 um illuminating the vdW junction only, excluding the metal/2D regions. The sign of the shortcircuit current I sc and the open-circuit voltage V oc is opposite to that of a common p-n junction or solar cell, confirming the band bending in BP (accumulation of holes) and SnSe 2 (accumulation of electrons) thus the type-III or broken band alignment. The inset shows this confirmed band bending. b, c, I sc and V oc as a function of the laser power.
In conclusion, we have demonstrated an Esaki tunnel diode using vdW heterojunctions with a type-III energy band alignment composed of BP and SnSe 2 for the first time. Our study suggests 2D crystals as promising candidates for future tunneling based devices. Finally, we point out that Esaki et al. observed
NDR in metal-insulator-SnTe junctions, where they realized that the degenerate p-type doping of SnTe coupled with the modulation of the tunneling probability with voltage was primarily responsible for the observed NDR 4 . In that study, they realize the crucial role played by the fact that the band alignment of The laser spot size is around 1.22 /NA~3 m, which is much smaller than the size of the heterostructure overlapping area between BP and SnSe 2 (~10×10 2 ).
STEM specimen preparation and imaging.
A cross-sectional specimen of the device was prepared by using a standard lift-out procedure in a dual-beam FEI Strata 400 focus ion beam (FIB) system, with a final milling at 2 keV. After removal from the FIB system, the specimen was directly transferred into an ultrahigh vacuum bake-out system. The specimen was baked in the ultrahigh vacuum chamber for 8
hours at 130 C to clean the specimen before loading into the high vacuum of the electron microscope.
During this procedure, the specimen experienced an approximately 1 minute long exposure to air.
HAADF-STEM images were taken with a Nion Ultra-STEM 100 operated at 100 kV. 
where =2 is the spin degeneracy and the valley degeneracy. is the macroscopic length along the electric field direction z, is the electron group velocity in the tunneling direction. and are the Fermi-Dirac distribution functions of carriers in the n and p type materials respectively. The presence of the functions ensures energy and lateral momentum conservation, selecting only those states that are allowed to tunnel. is the WKB tunneling probability term. We convert the sum over crystal
, and obtain the current density
where is the volume of p type material. The total energy of electrons in n and p side are where the conduction band edge in n is , the valence band edge in p is , and is the carrier kinetic energy. Considering the high effective masss anisotropy of BP and SnSe 2 , we separate the carrier effective mass in the three directions. The tunneling probability is estimated using
). The imaginary wave vector inside the barrier is given by
where is the tunneling barrier width, * is the effective mass of electrons inside the barrier, and is the energy difference from the conduction band edge of n-type material to the top of the barrier. It is difficult for us to determine these numbers uniquely based on prior reports in the literature. So we have set them as fitting parameters, which would be obtained through the best fit of the model to the experimental results. In the above expression, is the voltage drop over the barrier at zero bias induced by charge accumulation adjacent to the barrier.
In the absence of phonon scattering, energy conservation rule and = , = lead to In additional to the tunneling component, the total current measured in at large forward bias voltages arise due to two components: the excess current, and the thermonic diffusion current. 2 The band-to-band tunnel current is dominant at low biases V ds <V valley , (here V valley is defined as the voltage corresponding to the minimum valley current) and the excess current becomes significant near V valley . At higher positive biases thermoionic diffusion currents dominate. The excess current has observed in traditional Esaki diodes is attributed to carrier tunneling by way of energy states within the forbidden gap and scattering by photons, phonons or other electrons 2 .
2) Additional electrical and TEM characterization of the reported device
The back gated I-V characteristics of the individual BP and SnSe 2 flakes (Fig. S1a) 
3) Reproducibility of vdW Esaki diodes with NDR
In Fig. S4 another device with stable NDR behavior is shown. The back-gated flake channel I d -V ds confirm that SnSe 2 is n-type and BP is p-type (Fig. S4b) , and at room temperature, decent ohmic contacts are obtained on both SnSe 2 and BP (Fig. S4c) . 
